Objective: In this study, we sought to determine diff erences in estimations of surface area made by classical vertical uniform random (VUR) section series and vertical section series obtained perpendicular to a fi xed horizontal plane.
Introduction
Quantitative examination of human cerebral cortex using a variety of methodological approaches has provided useful information in clinical studies and improved our understanding of the structurefunction relationship. These techniques are based on in vivo magnetic resonance (MR) images. One such method is stereology, which is a sampling technique used to generate mathematically unbiased estimates of the geometric properties of three-dimensional structures based on two-dimensional slices of the object [1] . One of the most important quantitative parameters is the surface area, which is an important value in many areas of biology, such as the interface between capillaries and tissues, microvilli and the intestinal lumen, inspired air and dissolved gases in the alveoli, as well as connections between neurons, glial cells and synapses [2] . Useful techniques for estimating the surface area of complex objects have been produced using isotropic uniform random (IUR) sectioning [3] and vertical uniform random (VUR) sectioning approaches [4] . These methods have been successfully applied to a variety of biological tissues and images [5] [6] [7] . Although it is theoretically possible to use both IUR and VUR sectioning procedures to estimate surface area efficiently and without bias, this has proved difficult in practice, particularly when considering in vitro MR sectioning. For this reason, few studies have been published on this subject [8] [9] .
In this study, we sought to determine any differences between estimations of surface area made using classical VUR section series and those made using vertical section series that were obtained perpendicular to a fixed horizontal plane.
cit was chosen at random from a bank of controls in the MR image data library in the Department of Radiology, Medical Faculty, Ataturk University, Erzurum. The ethics committee at the Medical Faculty, Ataturk University approved this study.
Collection of Magnetic Resonance Images
First, a soccer ball with known geometrical features (radius: 9.75 cm) was imaged using a T1-weighted MR scanner at 5-mm thickness (total 40 sections) to test the validity and reliability of the surface area and volume measurements obtained using stereological methods.
Second, T1-weighted MR section profiles were obtained from a volunteer individual. The right sagittal axis of the volunteer's brain was assigned a starting point called "zero degrees" (0°), and then the whole brain was scanned with MR perpendicular to the axial plane in 5-mm thick sections (slice gap: 0 mm). The same process was applied using all other interesting angles at a systematic interval of 10 0 in the same direction (perpendicular to the axial plane). Approximately 540 images were obtained from the subsequent series (30 images from 0°, 30 images from 10°, etc.), and the collection consisted of images obtained at angels of 20°, 30°, 40°, 50°, 60°, 70°, 80°, 90°, 100°, 110°, 120°, 130°, 140°, 150°, 160° and 170°.
Stereological software
Surface area and volume estimation procedures were applied using the Stereo Investigator 6, MicroBrightField Inc., USA.
Image data
MR image data were transferred to a workstation and converted from DICOM in order to estimate the surface area and volume of various structures using stereological methods.
Sampling Procedures
I. Sampling for a soccer ball Forty section images (section thickness, 5 mm) obtained by scanning throughout a soccer ball without applying any sampling procedure were used for both stereological analyses and calculation according to the formulas for volume and surface area of a sphere.
II. Vertical Uniform Random Sampling (VURS) Protocol for MR Images
After all of the MR images were transferred to a workstation and converted from DICOM, a sampling procedure was applied according to stereological principles described in the VURS protocol (Figure 1, 2) .
In this study, a systematic range of 30° was accepted. In the first sampling procedure (VURS-1), randomness began at 20° (Table 1, Figure 2 ). The first image was taken from first section at 20°, the second image was taken from second section at 50°, the third image was taken from second section at 80°, and so on. All sampling procedures at this stage are summarized in Table 1 (Figure 2) . In the second sampling stage (VURS-2), the systematic range was the same (30° was considered acceptable), but randomness began at 10°. All sampling procedures during the second stage are summarized in Table 2 .
In the third sampling stage (VURS-3), the systematic range was the same (30° was considered acceptable), but randomness began at 0°. All sampling procedures during the third stage are summarized in Table 3 .
The volume and surface area formulas were applied separately to section images obtained as described above according to stereological principles (Figure 3 ).
II. Use of the Modified Vertical Section Procedure on MR Section Profiles
After all MR images were transferred to a workstation and converted from DICOM, each image was separately assessed to estimate surface areas and volumes. All section profiles obtained were perpendicular to a fixed horizontal plane in each angel (0°, 10, 20°, 30°, 40°, 50°, 60°, 70°, 80°, 90°, 100°, 110°, 120°, 130°, 140°, 150°, 160° and 170°).
The volume and surface area formulas were applied according to stereological principles to the section images as described above ( Figure 4 ).
Stereological Estimations I. Surface Area and Volume Calculation for a Soccer Ball
The ball used in our calculations was sphere-shaped with a radius of 9.75 cm. Its volume and surface area can be calculated by the volume and surface area formulas for a sphere (V=4/3 ·π·r 3 , SA= 4·π·r
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II. Surface Area and Volume Estimation for a Scroll Ball and MR sections
Volume estimation A volume estimation of any structure of interest can be obtained efficiently according to the principle of Cavalieri [10] regardless of shape or size. The volumes for each section were estimated by the following formula:
where V is the volume of the object of interest (tumor) in one section plane, t is the section thickness, a/p is the interpoint area, and ΣP is the number of points touching the tumor in that section. After this formula is applied as described in other sections, the estimate of total volume can be obtained from:
Surface area estimation
The surface area any structure may be estimated according to the principle of surface area from vertical sections [4] regardless of its shape or size. The surface area was estimated using the following formula:
Unal et
where T is the slice separation, a/l is the area per length of a cycloid,
Li is the number of intersections generated on the i th slice and j is the total number of slices. 
Estimation of the surface area per unit volume
This method is used to estimate the surface area per unit volume.
The surface area per unit volume was estimated using the following formula [4] :
where I is the number of intersections counted and L is the total length of all cycloids in all slices. Pi is the point count per sample slice.
Error Prediction Estimations I. Error Predictions for the Cavalieri Estimation:
The point density of the point counting grid was designed to obtain an appropriate coefficient of error (CE) for images of the serial sections (Table 4 ). CE and coefficient of variation (CV) were estimated according to Gundersen and Jensen's formula [10] .
Noise is a value representing the complexity of the examined cut surface area of the specimen, b / a is equivalent to the mean boundary length of the profiles divided by the square root of their mean area, n is the section number that is examined, and ΣP the number of points touching each whole section. Where indicates variance of total area in the systematic random sampling (SRS). These data indicate the sufficient number of sections required to obtain an appropriate variation for section samples. A, B and C are the total numerical values for the data in the related column of Table 1 .
Total var = Noise + Var SRS = 71,67 + 41,58 = 113,25 CE is the last calculated value. The highest limit of CE that is generally accepted is 5% [10] . 
II. Error Predictions for the Surface Area Estimation

Results
We obtained approximately 540 images from the subsequent series (30 images from 0°, 30 images from 10°, etc.) consisting of angels of 20°, 30°, 40°, 50°, 60°, 70°, 80°, 90°, 100°, 110°, 120°, 130°, 140°, 150°, 160° and 170°. All stereological sectioning procedures are summarized in Table 1, Table 2, Table 3 , Figure 1 and 2. Our stereological estimations of total volume and surface area were significantly similar (P< 0.05) according to directly vertical sections and VURS sections (Table 6 ).
Discussion
Stereology is an unbiased sampling technique whereby the object of interest is sectioned into a series of two-dimensional slices. This method can generate important data about the threedimensional structure the object [8] .
Human beings have long been interested in the regular and macroscopic metric parameters of the three-dimensional universe, as well as microscopic and irregular parameters such as volume, number, length and surface area. For structures such as cones or cylinders, volume and surface area can be easily calculated by applying known formulas. However, if a structure has irregular geometrical features, then complex processes are inevitability required. Currently, stereological methods are among the techniques suggested to estimate the metric properties of irregular sutures. It is easy, efficient and practical to apply some of these methods, such as volume estimation using the Cavalieri method, both in vivo and in vitro. However, determination of the surface area of complex and irregularly-shaped objects, especially objects in living organisms, is very difficult and not practical in terms of sampling procedure. Stereological principles for estimating surface area consist of either isotropic uniform random sampling (IURS) or VURS procedures [4] .
The VURS procedure described by others and in our study is both difficult to understand and not practical to apply, particularly in in vivo situations, despite the fact that it is an efficient and useful approach to estimate the surface area of interesting objects. The most important disadvantage is the increased workload in the processing of the tissue due to the embedment and re-embedment [12] . This burden may be tolerated in macroscopic or perhaps microscopic studies that We estimated brain surface area from MR images that were obtained according to the VURS procedure as described in Materials and Methods. Directly vertical sections were obtained perpendicular to a fixed horizontal plane at angles of 0°-180°. We determined that there is no difference in the estimation of surface area or volume between VURS sections and directly vertical sections using an exhaustive series of a test object. We found no difference between surface area estimates using VURS sections or directly vertical sections in our empirical study. This result is consistent with a previous study that was carried out by Robert N, et al. (2000) [9] . In this study, cerebral hemispheres were sampled with 12 exhaustive series of vertical sections at 15° intervals about a fixed vertical axis [9] and surface area estimations were done with cycloid test lines [4] . Our study is similar to the study of Robert N, et al. (2000) with respect to the use of directly vertical sections at different angels to estimate surface area, but we also tried to obtain MR sections for estimating the surface area according to a vertical uniform random sampling procedure in order to compare with two approaches.
